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THE DEVELOPMENT OF A NOVEL COMPOSITE SCORE TO 
CHARACTERIZE EFFECT SIZE OF BEHAVIOR AND HISTOPATHOLOGY 
CHANGES AFTER A REPETITIVE MILD TRAUMATIC BRAIN INJURY  
 
ASHLEY N. CONLEY 
ABSTRACT 
In this paper, we investigate the potential for the development of a composite 
score investigating population-level phenotype changes in a mouse model of traumatic 
brain injury. Traumatic brain injuries (TBI) are a growing concern in the United States 
because the number of individuals impacted by TBI and associated symptoms is 
increasing, leading to a growing demand for research both in the clinical and preclinical 
setting. However, preclinical TBI modeling is complicated by the lack of inter and intra 
lab consistency in the assessment of behavioral and pathologic outcomes. Indeed, it 
remains unclear which behavior assessments are most useful in evaluating the effects of 
preclinical TBI. To investigate the relative contribution of various behavior tests in the 
assessment of preclinical TBI, three statistical models (simple linear regression, pairwise 
correlation, and factor analysis) were conducted on behavioral data from the Mannix-
Meehan lab at Boston Children’s Hospital in Boston, Massachusetts, U.S.A. from 2012-
2018. In this paper, a composite metric was created from the computation analysis of the 
three statistical methods. The score revealed MWM and EPM as the most potent 
behavioral tests. The Open Field and Rotarod test had a small impact on the outcome, but 
only in one of the three statistical models assessed. Thus, to effectively analyze treatment 
  vi
efficiencies, injury severity and long-term impairments, MWM and EPM are the best 
behavioral test for a mouse model. Furthermore, this method of analysis of entire 
populations of mice allows for more subtle phenotypic changes resultant from injury 
models to be revealed, and the generalizability of this model lends to widespread use.  
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Traumatic brain injuries (TBI) are the primary contributing factor towards more 
than 30% of all injury related deaths, and have undeniably risen in the past decade (Faul 
2010). The effects of TBI can be long-term with an estimated 1.7% of the United States 
population, roughly 3.2 to 5.3 million individuals, living with long-term disabilities as a 
result of TBI (Zaloshnja 2008). According to the Center for Disease Control and 
Prevention, during 2013 more than 2.5 million people were diagnosed with a Traumatic 
Brain Injury (TBI) at emergency departments within the United States, and every day 
almost 45 deaths are related to TBI injuries (Taylor 2017). The National Institute of 
Health reported an annual cost of 76 billion dollars in medical expenses and that best 
form of treatment is prevention (NIH). 
There are many different mechanisms of TBI, such as car accidents, traumatic 
exposures from a military event, or a sports related injury. Furthermore, there is a broad 
range of symptoms and recovery from TBI due to differences in exposure, pre-disposed 
health conditions, and other inter-individual differences. TBIs are generally classified as 
“mild”, “moderate”, or “severe” based on the initial level of consciousness (CDC). The 
most common type of TBI, concussion, is generally classified as a “mild” injury, though 
a substantial minority of patients who suffer a concussion, up to 30%, still have 
symptoms one month after injury (Røe 2009).  
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Concussion 
     A concussion is classified as a TBI that results in brain movement within the skull that 
can cause both temporary and permanent biochemical alterations and cognitive 
impairment (CDC: Heads Up). Currently, concussions are mostly diagnosed based on 
subjective symptoms such as headaches, nausea, light sensitivity, confusion and 
depression. In the past decade, there has been heightened concern regarding both the 
increased incidence of concussion as well as the long-term effects of concussion. 
Furthermore, sustaining multiple concussions may delay symptom resolution and return 
to normal activity (McAllister 2017). These concerns are amplified by recent studies that 
suggest that concussion and repetitive concussion are associated with increased risk of 
neurodegenerative and autoimmune diseases (Gardiner 2015; Graham R 2014; Marchi 
2013). These studies have led to a significant public health demand to better understand 
the biomolecular implications of a concussion better. 
Unfortunately, the individual’s biological response towards a concussion is not 
well understood and difficult to study in the clinical setting. While current organizations 
and professional sports leagues have created guidelines to diagnose and treat a 
concussion, the majority of the tests have high degrees of false negatives and false 
positives (CDC). Additionally, the majority of current tests are symptom-based and as a 
result, these tests are extremely subjective to interpersonal variability. The establishment 
of baseline testing before participation in contact sport helps determine an individual’s 
baseline brain function, which can then be compared to a test administered after a 
potential post-concussive event (CDC: HEADS UP). This reduces the impact of 
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individual variability on test reliability. However, the test requires a participant to be 
truthful about his or her performance, which may not be the case if an individual 
purposefully underperforms during the baseline test in order to prevent a diagnosis of a 
concussion and thus resume play. Researchers examined The Immediate Post-Concussion 
Assessment and Cognitive Testing (ImPACT) and found that individuals regularly 
performed below his or her best effort (Higgins 2018). Therefore, there is a need to find a 
quantitative evaluation for concussion diagnosis less subject to variability and 
tampering.   
In addition to the lack of reliable, objective measures to study concussion, the 
tissue correlates to injury remain mostly unknown. Proxy measures such as serum or 
imaging biomarkers suggest brain tissue changes in response to injury but tissue 
correlates are not available to study the effects of injury (Lipton 2013). Much of what is 
known about the pathophysiology of concussion is derived from animal models (Giza 
2014). In the case of repetitive concussion, most data are derived from case series of 
deceased athletes who donated their brains for neuropathologic interrogation after death.  
Many of these athletes were ultimately diagnosed post-mortem with chronic traumatic 
encephalopathy (CTE), defined as “an abnormal perivascular accumulation of tau in 
neurons, astrocytes, and cell processes.” 
The first post-mortem brain analysis, published by pathologist Bennet Omalu in 
2005, revealed evidence of CTE in Mike Webster, a professional NFL player’s autopsy 
(Omalu 2005). This discovery has sparked intensive and continuing research on the 
impact that brain injury may have on the development of CTE and the role that the tau 
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proteins play within the brain. A cohort of 202 samples from American Football players 
postmortem was collected and analyzed with every sample having at least one diagnosed 
concussion throughout his lifetime (Mez 2017). In the same study, CTE was diagnosed in 
87% of former players and 99% of individuals who had played professionally (Mez 
2017). From the research published by the VA-BU-CLF Brain Bank, there appears to be 
a positive correlation between CTE, traumatic brain injuries and professional football 
(Mez 2017). However, CTE can only be diagnosed postmortem with neuropathological 
analysis, which presents distinct challenges to real-time diagnosis and treatment. 
Moreover, there have been significant concerns raised about selection bias in these 
studies. 
 The CTE studies have raised considerable concern about the effects of even a 
single concussion.  Indeed, the apprehension regarding long-term sequelae of concussion 
has led to some advocates to call for a ban on youth football (Daneshvar 2011). The U.S. 
Soccer Federation included in the guidelines outlined in 2015 that children under the age 
of 10 years old are banned from heading a soccer ball in all activities as to mitigate the 
suspected neurological sequelae which may precipitate later in life (Maher 2014; Stump 
2015). However, it is essential to acknowledge that the link between concussion and CTE 
has not been established. Not all football players that sustained a diagnosed concussion 
have CTE postmortem. Furthermore, there is currently no test to diagnose any individual 
with CTE or at risk for developing CTE (Mayo Clinic 2016). Early pathological brain 
changes associated with CTE had a stronger link to closed-head injury regardless of 
concussion symptom behavior, indicating that the severity of a concussion did not 
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influence the likelihood of CTE (Tagge 2018). While concussions may be a critical factor 
in the development of CTE, little is understood about the mechanism of either disorder or 
the linkage between them. Thus, there remains a demand for an understanding of closed-
head injury (CHI) in regard to behavioral and histological changes that result from a 
concussion, both acutely and chronically after injury. The analysis may not be possible in 
the clinical setting where it is challenging to conduct longitudinal assessments, control 
for confounding variables, evaluate dose-response of injury severity and outcomes, and 
prospectively evaluate relevant molecular correlates. 
Current preclinical research  
The urgent need to better understand the short- and long-term sequelae of 
concussion has led many research labs to develop TBI models and investigate outcomes 
in these models. The Mannix-Meehan lab at Boston Children’s Hospital models closed 
head injuries (CHI) in order to evaluate biological and behavior changes after TBI 
objectively. Animal models are extremely important for both animal and human health 
(Ericsson 2013).  With an effective research paradigm and behavioral modeling, the 
progression, advancement, and treatment for diseases can be accurately examined. By 
using animal models to emulate clinical presentations of a concussion, the lab can 
directly study the effect of different injury severities, spacing between injuries, and 
explore potential therapies that may mitigate the effects of a concussion.  
While preclinical models of injury offer effective ways of studying TBI, without 
consistency within and between research models, outcomes may differ despite identical 
study and treatment designs, limiting the generalizability, reproducibility, and 
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interpretation of findings in single studies. Also, there currently exist a broad range of 
metrics taken to assess the severity of the injury, many of which differ between labs and 
even differ across time within a single lab. Furthermore, there are many different 
behavioral tests currently administered across labs and also within in the Mannix-Meehan 
research lab. Therefore, having a standardized assessment composite score will provide a 
better insight into the predictive model of injury and a universal scale to detect subtle and 
heterogenous effects of TBI.  
Thus, it is essential to have a consistent quantitative score across research that can 
be applied to any large group of animals, in which there is an injured and non-injured 
population. This allows intra- and inter-laboratory comparisons across of a number of 
factors and takes into account any independent variables that may differ between groups 
of animals. Furthermore, the population-level data offered by this type of analysis may 
reveal subtle effects that are lost when only comparing individual metrics. This can 
colloquially be called an “index score,” which allows for a comparison of behavioral tests 
within different animal groups and model paradigms, creating a composite measure of 









This paper’s main goal is to analyze the data collected from 2012-2018 in the 
Mannix-Meehan lab at Boston Children’s Hospital in Boston, Massachusetts, U.S.A.. To 
address this goal, the data is evaluated for a relationship between different injury 
paradigms and behavioral results to measure the influence that each behavioral test and 
respectively associated measure constitutes in the overall model. There were five 
independent variables examined in this study: height of weight drop (height), number of 
weight drops (number of hits), the time between injury and behavioral test (time post-
injury), condition (sham vs. CHI), and treatment (received additional treatment or did not 
receive any treatment). Three statistical models will be evaluated in this paper. Firstly, a 
pairwise correlation to analyze if there is a correlation between each dependent variable 
and a single independent variable, providing within-group statistics. Next, a simple linear 
regression was applied for a single dependent variable and the five evaluated independent 
variables of this study listed previously. Finally, a factor analysis was performed on 
complete sets of data to investigate small differences that may not be significant 
individually, but when added together is significant for an individual behavioral test 
across all models. As research labs use many different behavioral tests having a 
standardized composite score for each behavioral test can serve as a predictive model of 
injury. Together, these statistical methods will provide insight into which behavioral test 





MATERIALS and METHODS  
Overall Description Independent Variables Assessed for Statistical Relevance 
There were five independent variables analyzed in the observational data 
collected from the Mannix-Meehan lab. The variables evaluated were the height of 
weight drop (height), number of weight drops (number of hits), the time between injury 
and behavioral test (time post-injury), condition (sham vs. CHI) and treatment. Each 
variable is described below with each category within the variable listed along with the 
number of observations of the given category.  
Table 1. Independent variables. The five independent variables analyzed in this paper defined by the 
preclinical assessment that the variable addresses and the number of categories along with the number of 
observations per each category. 
Independent Variable  Preclinical Assessment Number of Categories and Observations 
Condition  Injured versus non-injured • Sham (389) 
• CHI (570) 
Number of hits  Frequency of injury • 1 hit (270) 
• 2 hits (38) 
• 4 hits (80) 
• 5 hits (408) 
• 7 hits (163) 
Height of weight drop  Severity of injury • 0 = shams (389) 
• 26’’ (32) 
• 28’’ (216) 
• 42’’ (154) 
• 46’’ (40) 
• 50’’ (73) 
• 60’’ (55) 
Time post injury   Symptom retention, long-
term duration  
• 2 weeks (773) 
• 13 weeks (117) 
• 26 weeks (69) 
Treatment  Each treatment is described 
in the Intervention section of 
Methods 
• 1=Received any form of treatment (581) 
• 0=Did not receive any form of treatment (378) 
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Animals 
Animals were C57BL mice purchased from Jackson Laboratory, ranging in age 
from eight weeks to six months. Unless otherwise indicated, mice were injured at eight 
weeks of age. A total number of 840 mice were analyzed at different behavioral and 
histological outcome variables.   
 
Repetitive Mild Traumatic Brain Injury: Drop Weight Model 
 All experiments were approved by the Boston Children’s Hospital Institutional 
Animal Care and Use Committee and complied with the NIH Guide for the Care and Use 
of Laboratory Animals. The weight drops repetitive mild traumatic brain injury (rmTBI) 
model used in the different studies analyzed in this paper have been previously described 
(Mannix 2013). Animals were anesthetized for 45 seconds with 4.5 % isoflurane in a 
70:30 mixture of nitrous oxide and oxygen until fully unconscious. Mice were placed on 
a delicate task wiper (Kimwipe; Kimberly-Clark, Irving, Texas) and grasped by the tail. 
The mice were then placed underneath a tube of varying height such that the end of the 
tube was centered over bregma, approximated by centering the tube between and slightly 
in front of the ears, and a weight of 54 grams was dropped through the tube. The weight 
drop model has been extensively researched as an effective method for an animal model 
of repetitive traumatic brain injuries (Kalish 2016). At impact, the bolt and mouse head 
split the Kimwipe, allowing rotational acceleration of the head in the anterior-posterior 
plane. Different injury paradigms were used across the studies examined in this paper 
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based on varying length of guide tube and the number of injuries over a given amount of 
time. The weight was dropped from a height of either 26’’, 28’’, 42’’, 46’’, 50’’, or 60’’. 
The total number of injuries varied from a single injury to seven hits, and the duration of 
time elapsed between consecutive injuries varied from one day to one month. Controls 
(hereafter referred to as shams) underwent anesthesia but did not undergo concussive 
injury; apart from that, the paradigm of anesthesia exposure was identical to their 
respective injury groups. Loss of consciousness was recorded for both sham-injured and 
concussive-injured mice as a marker of the time for removal of anesthesia. Varying 




Assessment of spatial learning and memory 
Morris Water Maze performance was used to asses spatial learning and memory 
and was measured at approximately three weeks post-injury (PI), three months PI, and six 
months PI. The apparatus consisted of a circular tank of 60 cm height and 83 cm diameter 
was filled to 29 cm deep with water with a temperature approximately 25°C (Meehan 
2012). The activity consists of five days of trials. Days 1 through 4 are composed of two 
hidden trials/day, where latency to find platform was recorded as a measure of spatial 
learning and memory. Upon completion of the hidden trials of day 4, animals underwent 
a probe trial during which the platform was removed, and time spent in the quadrant 
formerly housing the platform was recorded as a measure of spatial memory. During the 
 11 
hidden trials, a clear Plexiglas platform (10 cm in diameter) was placed at the southwest 
quadrant 15 cm from the wall and 0.5 cm below the surface of the water. Mice were 
placed facing the wall randomized to 1 of 4 starting locations (north, south, east or west). 
Latency to the platform was recorded as the time it took the mouse to find and mount the 
platform, with a maximum time of 90 seconds to perform the task. If the mice failed to 
find the platform, the experimenter would manually place the mice on the platform for 10 
seconds. During the probe trials, the platform was removed and Noldus EthoVision ® 
11.5 software (Noldus Information Technology XT)  tracked the mouse’s movement 
within an allotted 60 seconds and generated statistical data of the time spent in the target 
quadrant where the platform had previously been located (Liu 2017). During the visual 
trials, an optical red reflector cue was placed above the platform and mice were placed in 
the northeast quadrant facing the wall. Time was recorded similarly to hidden trials.  
 
Assessment of exploratory activity and Impulsivity 
Elevated plus maze was used to assess exploratory activity and impulsivity. The 
maze consists of a plus-shaped, 85 cm tall elevated platform that has two closed arms and 
two open arms both of 30 x 5 cm (Lafayette Instruments, Lafayette, IN). Mice were 
allowed to explore for five minutes after being placed in the center facing one of the 
closed arms and the percent time spent in each arm was tracked and calculated (Noldus 
Ethovision 11.5 XT). The data was analyzed as a percentage of time spent in the open 
arm and the percentage of time spent in the closed arm. An increase in the percentage of 
time in open arm reflects an increase in exploratory activity and impulsivity.  
 12 
 
Assessment of Motor Function 
 Rotarod testing measured locomotor function, and involved three days of testing. 
Day 1 consisted of a single habituation trial, whereas days 2 and 3 were testing trials. 
Mice were placed in an open box that contains a 4 cm diameter rotating drum that moves 
at four revolutions per minute (RPM) for five minutes during day 1. On day 2 and 3, mice 
were placed for ten seconds to acclimate and then the rod accelerates at increased 
0.1rpm/sec. Each day was composed of four separate trials (Mannix 2014). Statistical 
data was analyzed as the average of the four trials on day 2 and 3. A longer latency to fail 
is correlated with increased motor function ability.  
 
Assessment of anxiety 
 The open field test was used to assess anxiety and was conducted as follows. 
Mice were placed in the edge facing the wall of a 45 cm diameter circular arena with 
plastic walls with a height of 20 cm (Mei 2018). The movement of the mouse was tracked 
with Noldus Ethovision 11.5 XT directly above the arena (Wageningen, the Netherlands). 
The arena is divided into three sections: the “wall” ring, the area closest to the wall with 
an inner diameter 40 cm, outer diameter 60 cm (area of 1570 cm2), the “neutral” ring, 
inner diameter 20 cm wide, outer diameter, 40 cm (area of 932 cm2); and then an “center” 
circle 20 cm in diameter (area of 314 cm2) (Mei 2018). Data was generated as the 
percentage of time spent in each ring during the allotted five minutes of activity 
exploration. An increase in the percentage of time in the wall and a decrease in the 
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percentage of time spent in the center ring correlates with an increase in anxious 
behavior, as mice have a natural aversion to brightly lighted areas.  
 
Assessment of behavioral despair 
 A forced swim test was used to assess behavioral despair and was conducted in 
accordance with the Porsolt Forced Swim Test model (Porsolt 1977). Mice were placed 
individually in 40 cm tall glass cylinders with an 18 cm diameter that contained 30 cm of 
water at 25°C for five minutes (Liu 2017). The mouse was tracked as moving or 
immobile (floating), and data was presented as the percentage of time spent immobile. A 
higher percentage of time immobile reflects an increase in behavioral despair, a key 
hallmark in depressive phenotypes (Washington 2012). 
 
Assessment of object memory 
 The novel location and novel object recognition tests are similar behavioral tests 
that assess a mouse’s innate exploratory behavior (Ennacur 1988). Both behavioral tests 
involve the mouse being familiarized to a specific object in a specific location. The novel 
object consists of an open field box of 44cm by 44cm. Mice were placed in the field for 
five minutes for three days, to become habituated to the arena, with two different objects 
of roughly equal sizes, now the “familiar” objects. On the fourth day, mice were allowed 
to explore three identical objects, which were placed in fixed locations for 6 minutes and 
the movement was tracked (Noldus Ethovision XT). The activity was measured and 
reported as the percentage of time spent with an object in the familiar location and time 
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spent with an object in the novel location. For the novel object, the fourth day consisted 
of a novel object in the familiar location. The novel object behavioral is measured as the 
percentage of time spent with the novel object. For the novel object, if a mouse spends 
more time with the novel object, then the object memory is higher. For the novel location, 
if a mouse spends more time with the object in a novel location, then object location 
memory is higher.  
 
Assessment of impulsivity 
 The light-dark box test utilizes a mouse’s natural aversion to bright lights to 
measure impulsive behavior. In this test, mice were placed an open field container that 
had brightly lit (30-50 lux) arms and non-brightly lit arms. The animal was placed in the 
center of the chamber, and both distances from the center and total distance traveled was 
recorded (Noldus Ethovision XT). The test is hypothesized to reflect anxiolytic behavior 
as well as anxiogenic behavior: an increase in the percentage of time spent in the light 
area reflects an increase in spontaneous exploratory behavior in an aversive environment 
and thus, increased impulsive behavior (Bourin 2003).  Although the light dark box 
utilizes the mouse’s fear of bright lights similar to the open field test and elevated plus 
maze, the specific method of light-dark box allows measurements of exploratory behavior 





Assessment of willingness to explore new environments 
The Y Maze behavioral test consists of a Y shaped container that has three 
identical length arms at 120° angle from the adjacent arm. A mouse was placed in the 
center for 5 mins and the percentage of time that a mouse spent in each arm was recorded 
(Noldus Ethovision XT). An increase in the percentage of time spent in Y arm correlates 
to an increase in spontaneous alterations, which reflects exploratory behavior.  
 
Assessment of antidepressant-like behavior 
 The tail suspension test consists of a mouse’s behavior of holding an immobile 
posture when placed in a stressful situation from which it has no escape, a measure of 
behavioral despair similar to the aforementioned forced swim test (Cryan 2005). In this 
test, a mouse is suspended by the tail for 5 minutes, a stressful situation from which the 
mouse tries to escape. The percentage of time spent immobile is reported. An increase in 
immobility correlates to a decrease in effort expenditure and increased behavioral despair 
(Cryan 2005).  
 
Assessment of Anhedonia 
The sucrose preference test was used to measure anhedonia. Mice are placed in a 
cage with two sipper tubes, one tube containing normal drinking water and a second 
containing a 2 % sucrose solution.  The water and sucrose solution levels are measured at 
the beginning and the end of the day and the bottles are switched each day to avoid side 
bias (Serchov 2016). Sucrose preference is measured as the percentage of sucrose water 
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Mice were housed randomly into two different conditions: Environmental 
Enrichment (EE) and Normal Cage (NC). The enrichment cage was a standardized 
Marlau Environmental Enrichment Cage (Viewpoint Behavior Technology) that 
consisted of a two-floor cage with a variety of enriching features such as multiple running 
wheels and a maze that was alternated weekly . Between 10-15 animals were housed per 
cage, providing social enrichment. Animals were introduced to enrichment housing three 
days before the injury and remained there for the duration of the experiment, being 
removed only for behavioral tests. Normal cages consisted of standard cages with 5 mice 
per cage (Liu 2017). Notably, the mice used in this study were 5-weeks-old, 3-weeks 
younger than mice used in any other study.  
 
Anti-CD3  
 CD3 is an antigen that is partially responsible for T cell activation, and it was 
theorized that preventing some of this activation would mitigate a hyperactive immune 
response to TBI. For all anti-CD3 studies, treated animals received 0.5 micrograms 
(volume of 10 microliters) of anti-CD3 antibody intranasally daily, starting at 6 hours 
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post-injury, and extending for various durations. Control animals received intranasal 
saline to control for effects of handling. Groups 1 and 2 received anti-CD3 or saline for 
seven days at which point animals were sacrificed. Group 3 received anti-CD3 or saline 




Flicker treatment was theorized to restore the function of GABA-ergic neurons 
that may be dysfunctional after TBI. Treatment consisted of concurrent flash of light and 
sound at 40 interactions per second, which was theorized to restore the natural 40 Hz 
firing rate of these GABA-ergic neurons. Treatment lasted for one hour daily while 
animals were in a single housing. Light flashes were approximately 60 watts bright, and 
the sound was between 25 to 30 decibels.  
There were three separate groups for Flicker experiments. Group 1 received one 
month of treatment starting three months after injury, Group 2 received one month of 
treatment starting immediately after the injury, and Group 3 received one month of 
treatment starting three months after the injury during their dark cycle, when the mice are 
typically awake.  
 
Memantine 
 There were four different cycles of Memantine studied in this paper. In each 
cycle, there were three groups: CHI-Vehicle, CHI-Memantine, Sham-no treatments. Each 
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of the studies had an injury model of 1 injury per day for 4 days (rmTBI injury). 
Memantine is currently an FDA approved drug, FDA approval in October 2003, to treat 
confusion in Alzheimer’s Disease (Cunha 2019). The goal of Memantine treatment in our 
lab was to target the N-methyl-d-aspartate (NMDA) receptor (NMDAR), as evidence 
suggest that glutamatergic toxicity may decrease and prevent rmTBI-induced neurologic 
deficits (Mannix, unpublished?). The mouse received Morris Water Maze, Elevated Plus 
Maze, Open Field, and Rotarod behavioral test to assess by motor, anxiety and 
impulsivity outcomes.  
 
Cis-Tau Antibody 
 The “Ping” labeled data observations for the treatment group received cis-tau 
antibody, as it blocks apoptosis of cells as the formed cis P-tau is prevented from 
disrupting the mitochondrial transport and axonal networks (Lu 2016; Kondo 2015).  In 
the Ping 6 and Ping 4-Tau 3 cohorts, both CHI cohorts received a single hit injury. The 
Ping 4-Tau 3 cohort received a mild injury at 26 inches, while the Ping 6 received a 
severe injury at 60 inches. Two additionally cohorts were also analyzed with an injury 
paradigm of 7 hits over nine days at 28 inches, called Ping 4-Tau 2 and the Ping Tau 3. 
Immunoglobin was given to the sham treatment mice as a sham antibody as a measure to 




The Tau KO (TAU -/-) labeled data hypothesized that excessive tau aggregation 
may be linked to behavioral deficits. The transgenic tau knockout mice CHI cohort of 
mice received 5 hits/5 days at 42" injury model (Jackson Laboratory). These mice were 
homozygous in lacking the gene responsible for microtubule associated protein tau 
(Mapt) and as such were unable to produce microtubule associated tau. It was theorized 
that this would prevent potentially toxic tau buildup that may occur after injury.  
 
Injury Spacings 
In the Tau treatment paradigm, the injuries were administered at different time 
point depending on the group. For both the 28- and 42- inch injuries, there were five 
different groups. Five injuries were administered daily (1 hit per day for five days), 
weekly (1 hit per week for five weeks), biweekly (1 hit per 2 weeks for ten weeks), 
monthly (1 hit per month for five months). An additional group was aged for five months, 






Tabulations of independent variables 
There were a total of 959 observations with five independent variables and 38 
dependent variables evaluated in this paper from the statistical data collected by the 
Mannix-Meehan research lab from 2012-2018. Notably, not all animals received the 
same battery of metric tests. There were a multitude of collaborations with other 
laboratories and research projects conducted within the Mannix-Meehan lab, resulting in 
multiple variables measured for a given study, and a different set of tests administered for 
each study. Before analyzing the data for power and statistical relevance, the data was 
evaluated for the number of variables for a given behavioral outcome. Presented below is 
the number of data points missing by each numerical variable as calculated in StataCorp 
software (STATA). Additionally, due to the nature of the statistical analysis desired for 
this paper, three of the studies (Tau 2-Ping 4, Tau 3-Ping 4 and Ping 6) had data from the 
same animals on the same observations at different times. The behavioral test themselves 
are described above in the methods and materials section of this paper, with LOC being 
the loss of consciousness recorded after each injury and/or isoflurane exposure, measured 











Table 2. Number of Observations for each behavioral variable. MWM is the Morris Water Maze 
behavioral test of hidden trials 1-5 (H1-H5), visual trials 1-2 (V1,V2), probe trials 1-2 (P1,P2) and probe 
frequency trials (P1 freq, P2 freq) listed in column 1. In column 3 is the Elevated Plus Maze (EPM) for % 
of time in open, % of time in closed arm, and % time making a decision (Open %, Closed %, Decision %), 
Open Field (OF) in % time in wall, % time in neutral and % time in center (Wall %, Neutral %, Center %). 
FST is force swim test over three days, NO is novel object, NLR is novel location recognition, Y maze test 
in Y arm, LD is a light dark test, and Sucrose is measured of 3 days after one day of habituation.   
 
 
After summary statistics of the cumulative data was evaluated, a threshold of at 
least 500 data points for a given variable was implemented. This resulted in 17 variables 
being dropped with a remaining of 20 numerical variables. The remaining data was 
tabulated to evaluate the number of observations for five independent variables 
(condition, treatment, the height of injury, time post injury, and the number of hits) each 
listed below. 
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First, the condition variable was tabulated for the number of observations for CHI 
and Sham. Of the data analyzed almost 60% of the data points were from CHI injured 
mice, and 40% from Sham mice.  
 
Table 3. Tabulation of condition (CHI vs. Sham) observations. Frequency is reported as the number of 
data points within the given variable and percentage is the overall percentage of a given condition.  
 
 Additionally, the data was analyzed by the type of treatment administered. There 
were nine treatments different treatment studies analyzed, and the number of observations 
for each type of treatment is recorded below. A treatment of “none” means that the 
observation was not part of a study that had any type of treatment administered.  
 
Table 4. Number of observations for each treatment by condition (CHI vs. Sham). There was a total of 
10 treatments received and the “none” treatment category includes all observation that did not receive any 
type of treatment.    
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Furthermore, the variables were assessed by injury protocol based on the intensity 
of injury, which is indicated by the height at which the weight was dropped. A height of 
60 inches reflects a severe injury, while a height under 40 is a mild injury and a height of 
0 means only anesthesia exposure.   
 
Table 5. Number of observations by the weight drop height. There were six different weight drop 
heights analyzed in this paper. A height of 0 indicates the number of sham observations.  
 
Additionally, the type of injury protocol was evaluated and broken down further 
by the height of injury. There were 11 injury protocols conducted in the Mannix-Meehan 
research lab over the years 2012-2018. As listed above, the injury paradigm greater than 
42 inches was considered a “severe” injury was the 50 inches and 60 inches heights, and 
the repeated mild traumatic brain injuries (rmTBI) model were the paradigms that had 
multiple hits. Since 2017, the lab almost universally adopted an injury protocol of  5 hits 
daily over five days at 42 inches and the 7 hits over nine days at 28 inches. Within this 
tabulation, the number of injuries is broken down by if the drop weight model included a 





Table 6. Number of observations by height and injury model.  The injury protocol was evaluated based 
on the height of the given protocol. The sham observations, those that did not receive any injury, were 
excluded from the table listed above.  
 
Furthermore, the overall number of injuries that an observation received was 
tabulated and compared with condition (sham vs. CHI) as it is reflective of the number of 
anesthesia sessions for sham and the number of anesthesia and drop weight model 
sessions for CHI. 
 
Table 7. Number of injuries per mouse by the condition. Tabulation of the  number of injuries versus 
condition (sham vs. CHI) with the total number of observations per number of injuries reported.  
 
 
 Another independent variable assessed in the analysis was the time post-injury 
that the behavioral task was administered. The goal of the difference in time post-injury 
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is to evaluate the behavioral changes that occurred acutely after injury (2 weeks), sub-
acutely (13 weeks) and chronically (26 weeks). 
 
Table 8. Number of observations by condition (Sham vs. CHI) for each time post injury. Tabulation of 
time post-injury (2 weeks, 13 weeks or 26 weeks) categorized by sham or CHI injured observations.  
 
Data analyzed for consistency 
 As multiple studies and various treatment protocols were assessed as it was 
essential to determine a baseline control for each behavioral. Therefore, all observations 
that did not receive any treatment and were not injured under any protocol were 
examined, a total of 302 observations. In order to examine whether these mice could be 
treated as a homogeneous population, a Bonferroni-adjusted significant method was 
applied within STATA, thus protecting from Type I errors when the null hypothesis is 
incorrectly rejected (Armstrong 2014). Any value that fell below the Bonferroni corrected 
p value was considered significant, indicating a difference between shams for that given 
dependent variable. This would mean that the sham group could not be treated as a 
homogenous population. This method is valid to use as the null hypothesis claims that 
treatment should not make a statistically significant difference in behavior for all 
observations that did not receive the weight drop injured model (shams). A pairwise 
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correlation for treatment (received or did not receive) for each behavioral is reported 
below in table 9. 
Table 9. Pairwise correlation with Bonferroni adjusted significance level. The coefficients and 
corresponding p-values for each behavioral is reported.  
 
If a mouse received any type of intervention, there was a statistically significant 
impact on behavioral outcome for the following variables: LOC1, LOC6, MWM P2-P2 
freq, FST time immobile 2. Furthermore, when the listed above variables were analyzed 
by treatment type it was revealed the contributing factor into the statistically significant 
difference between shams was the Anti-CD3 treatment compared to no treatment for 
LOC6 and MWM P1 frequency and P2 frequency.  
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Figure 1. Bar graph of non-injured mice by treatment for pairwise correlation significant behavioral. 
Each statistically significant variable for the pairwise correlation was examined further by treatment type 
with the star representing a p<0.05.  
 
Analysis of Cumulative data between CHI and Sham 
 The data was examined for a difference between CHI and shams. To perform the 
analysis, only data that had “no treatment” was analyzed as to avoid the confounding 
variable that treatment may have on the results. There were 302 shams and 279 CHI that 
reached this threshold and were analyzed. Additionally, the following variables were 
dropped due to a lack of observations: tail suspension, sucrose day 2, sucrose day 3, 
sucrose day 4, Y-maze and novel location. First, the general model was analyzed for a 
significant difference between the 5 independent variables (condition (sham vs. CHI), 
time post-injury (2 weeks, 13 weeks, and 26 weeks), treatment (AntiCD3, Cis-Tau, 
Enrichment, Flicker, IGG, Memantine, None, Single-housing, Vehicle), height in inches 
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(0, 26, 28, 42, 46, 50, 60), and number of injuries/anesthesia (1, 2, 4, 5, 7). The sample 
regression was done for Morris Water Maze Hidden trial 1. Treatment was coded as a 
binomial variable, the observation either had a treatment (1) or no treatment (0).  
 
 
Figure 2. Simple Linear Regression Stata output example. The example regression displays the 
dependent variable (MWM H1) regressed to all 5 independent variables (condition_1chi, time_postinjury, 
treatment_id, height, numhits). A p>|t| output value of 0.000, represents a value that is below STATA 
calculation capacity and thus, is p<0.001.  
 
 The regressions were done for every dependent variable and the STATA outputs 
are included in Appendix A. All the P values are presented in the table below and 










Table 10. Cumulated STATA generated p-values from simple linear regressions. Each dependent 
variable regressed by the five independent variables previously described, with each p values reported from 
STATA outputs. Results with statistically significant p values (p<0.05) are highlighted in yellow. Note: 




 From the simple linear regression table above, there was a significant difference 
between shams and CHI for the following dependent variables: LOC 1-5 & 7, MWM H2-
H5, MWM P1-P2 freq, EPM decision, Rotarod Day 1 and Day 2. Furthermore, there was 
a significant difference between animals that received treatment and those that did not 
receive treatment the following dependent variables: LOC 2,6, MWM H1, P2-P2 freq, 
EPM Open, and Rotarod day 1 all had p<0.05. 
A pairwise correlation was analyzed between conditions (sham vs. CHI) 
controlling for treatment (none). A 5 % level of significance with Bonferroni-adjusted 
significant method was applied to the analysis with STATA. When examining only mice 
that did not receive any type of treatment were correlated the following dependent 
variables were statistically significant: LOC1-4, MWM H2-H4, V1, V2 and Rotarod 
Days 1 and 2. Mice remained unconscious significantly longer following a CHI 
compared to a sham injury for loss of consciousness days 1, 2, 3, and 4 at the significance 













Table 11. Pairwise correlation between conditions (Sham vs. CHI) by behavioral test. Each dependent 
behavioral variable is listed with the correlation coefficient generated from STATA and the p value listed 
in the third column controlling for treatment. 
 
 
Factor analysis of Data Sets 
To address the presented goal of creating a composite score for behavioral test 
modeling of rmTBI, factor analysis in Stata software was undertaken. Factor analysis 
provides an exploratory method that describes unobservable latent factors that may 
contribute to observed behavior. The statistical method is often used in clinical 
neuropsychiatric studies and allows for analysis of correlated variables with independent 
factors (Kleinbaum 1988). To achieve the stated goal, the data had to be manipulated to 
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fit a format that the software could read and interpret. A complete correlation matrix was 
necessary for the software. Therefore, the data was condensed into observational data that 
contained results into four subsets outlined below.  
 
Figure 3. Group breakdown for each behavioral test included in the specific data set. Subset grouping 
of behavioral data with a number of observations included. Set 1 includes loss of consciousness (LOC) on 
days 1 thru 4, Morris Water Maze (MWM) test of hidden trials 1-4 (H1-H4), visual trials 1-2 (V1,V2), 
probe trials 1-2 (P1,P2),  Elevated Plus Maze (EPM) data for % of time in open, % of time in closed arm, 
Open Field (OF) data % time in wall, % time in neutral and % time in center and Rotarod data for days 1 
and 2. Set 2 contained LOC, MWM H1-H4, P1, EPM % open and % of time in open, % of time in closed 
arm and Rotarod on days 1 and 2. Set 3 contains LOC1-4, MWM H1-H4, V1-V2, P1-P2 and days 1 and 2 
of Rotarod. Set 4 contained LOC1-4 and Rotarod data on days 1 and 2.  
 
Factor analysis generates eigenvalues that reflect the variance of the factor. For 
this analysis, an arbitrary cutoff point for an eigenvalue was set to 1 for each factor 
(Albayram 2017). Rotated factor loadings were then applied to the factors that were 
above the thresholds set. An oblique rotation was applied as this method provides higher 
efficacy and can effectively measure both correlated and uncorrelated factors, an 
important distinction between orthogonal rotations being the alternative option (Osborne 
2015). Additionally, recommended by Tabachnick and Fidell (2014), Samuels (2016), 
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Field (2013) was to apply a greater than 0.3 threshold to the factor loadings and retained 
factors should have at least three items with factors. 
 
Data Set 1 Factor Analysis  
 Within data set 1, there were 306 observations, and all were evaluated over 19 
dependent behavioral variables. There were four factor eigenvalue that were above the 
arbitrary threshold set as 1 (Albayram 2017). The percentage of variance included in each 
factor and the regression coefficient and p value are presented below in a cumulated 
factor data table (figure 4). Additionally, there was a high inter-factor correlation between 
factor 1 and factor 2 of 0.4755, but all other inter-factor values were below ± 0.20.  
 
Data Set 2 Factor Analysis 
 There were 445 observations analyzed over 13 dependent behavioral variables 
from data set 2. There were two factors retained, and an inter-factor correlation of 0.27 
between factor 1 and 2. Only factor 2 had behavioral variable loadings of above 0.70. 
However, it only had two variables contributing to the factor loading, EPM_Open 
(0.9155) and EPM_Closed (-0.9325) on factor 2. The highest factor loading for factor 1 
was MWM_H4 with 0.63. The regression coefficients are presented in the cumulative 
factor data table (figure 4).  
 
Data Set 3 Factor Analysis 
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For data set 3, there were 450 observations and only one retained factor with 
3.99524 eigenvalues. The oblique rotated factor analysis reported that 73.12% of variance 
was included in factor 1; the regression of the factor resulted with a 1.172 ± 0.069 
coefficient, which was statistically significant at the 5 % level of significance. Only 
MWM_V2 satisfied the greater than 70% loading on the factor.  
 
Data Set 4 Factor Analysis  
 The final data set looked specifically at rotarod data, which was the most 
frequently utilized behavioral test for the Mannix-Meehan lab. There were 507 
observations and two retained factors with a -0.21 inter-factor correlation value. The 
coefficients, p values, and significant factor loading variables are presented in the 
cumulative factor data table (figure 4).  
 
Cumulative Factor Data Table 
 The table below presents all the retained factors from the 4 data sets evaluated in 
this paper. Overall, the highest ranked factor was Morris Water Maze visual trial #2, 





Figure 4. Cumulative Factor table rankings. The table reports the number of factors per data set and the 
variance reflected in each factor, as well as the variables that had over a 70% impact on the factor loading.  
 
Analysis 
Pairwise correlations and factor analysis were used to assess the relationship 
between the condition and each behavioral test. There were 31 dependent behavioral 
variables. These were summarized and ranked based on the measure of change as a result 
of rmTBI. First, the results from the simple linear regressions performed for every 
dependent variable and behavioral test resulted in a statistically significant difference 
between sham and CHI observations at the 5 % level of significance variables listed in 
table 8. However, when controlling for treatment, such that no observation received any 
treatment, the pairwise correlation revealed that there was a significant difference 
between CHI and sham animals in the following variables: LOC1 that LOC1-4, MWM 
H2-H4, V1-V2, Rotarod days 1 and 2 were statistically significant at the 5 % level of 
significance. Regression analysis revealed that mice that underwent a TBI remained 
unconscious longer than sham-injured mice.     
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Presented below in table 10 are the summary descriptions of each factor that was 
statistically significant factor.  
 
Table 12. Summary table of statistically significant factors and the corresponding behavioral tests. 
Each behavioral test that had the largest factor loading impacts are reported above with additionally notes 
explaining keynotes with each behavioral.  
 
From the factor analysis results, the Morris Water Maze visual trial for day 2 had the 
most substantial positive impact on the factor loadings in data sets 1 and data set 3. 
Additionally, the behavioral test was not included in the observations examined in data 
set 2 and data set 4.  
Also, when examining just Rotarod data with loss of consciousness data in data 
set 4, factor 1 had 80.1 % of data variation was explained by LOC from days 1 to days 4; 
while factor 2 only 46.7% of the variation was explained by the rotarod behavioral test. 






MWM 1 & 3 • Visual trial 2: data set 1-factor 1 (0.755) and 
data set 3-factor 1 (0.706)  
• Visual trail 1: data set 1- factor 1 (0.728)  
MWM Visual trials had the largest 
power, with positive loadings on 
factors with the highest variation in 
data sets 1 and 3. 
EPM 1 & 2 • % time in Open: data set 1 (0.937) and data 
set 2 (0.916).  
• % time in closed: data set 1 ( -0.8507) and 
data set 2 ( -0.9325). 
Ranked second in data sets that 
included MWM V2 
OF 1 • % of time at wall (-0.9949), % of time in 
neutral area (0.8651) and % of time in center 
(0.7243) all had large impacts on factor 3  
Factor 3 was not statistically 
significant, therefore does not 
contribute statistically significantly 
to factor loading. 
Rotarod 4 • Rotarod on factor 2 Day 1 (0.752) and  Only Rotarod data was analyzed in 
data set 4, as such in any data set 
that included other variables (not 
just rotarod) the Rotarod did not 
impact factor loading, and is not 
statistically significant.  
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behavioral test was not statistically significant on the factor loading at the 5 % level of 
significance.  
Furthermore, the combined regression analysis with the factor analysis provided a 
cumulative score to assess behavioral outcomes in the mice model for rmTBI. The 
composite ranking table reflects each individual behavioral test ranked by the influence 
that the behavioral test contributed to the predictive nature of the injury condition: injury 
versus non-injured mice.  
 
Table 13. Composite ranking table of Simple Linear Regression, pairwise correlation and factor 






The present study investigated the utility of an array of behavioral assessments for 
mice in discerning TBI mice from sham controls, through the use of varying statistical 
models. The primary goal of this study was to determine which of the selected behavioral 
tests for analysis pertain to conditions possessing adequate statistical power: injured 
versus non-injured mice. The outcome of this paper is the ranking of all dependent 
behavioral test across all models evaluated in the Mannix-Meehan research lab from 
2012-2018 at Boston Children’s Hospital in Boston, Massachusetts, U.S.A.. There were 
five independent variables measured for each observation and the corresponding clinical 
presentation in parenthesis: number of hits (frequency of injury), height weight dropped 
(severity of injury), time post-injury (symptom retention, long-term duration), treatment, 
and condition (injured versus non-injured). A computational analysis was conducted by 
three distinct statistical models: simple linear regression, pairwise correlation, and factor 
analysis, for a composite score of outcome assessment of a given behavioral.   
 
Closed Head Injury Model 
The research goal set forth in this paper was achieved with a closed head model 
that involved a weight drop injury and all behavioral tests were analyzed and ranked. 
Morris Water Maze and Elevated Plus Maze were the most powerful behavioral test 
examined, with Rotarod and Open Field having a potential impact. Each of the behavioral 
tests analyzed in this paper was analyzed to determine if they could detect differences 
between CHI and sham mice. The methods used here can be generalized to any animal 
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model of disease or injury and offer a powerful population-level analysis that may reveal 
insight into subtle phenotypic differences. Rapport (1954) stated that animal models serve 
as a “pragmatic device” to model a system and are effective as long as the animal study 
provides insight into the system (McClearn 2001).  
Additionally, population-level analysis offers useful understanding into 
preclinical settings that can be further utilized and extrapolated into clinical domains to 
assess the severity of diseases/injuries, treatment efficiencies, and long-term impacts. 
Especially as traumatic brain injuries (TBI) continues to be prevalent across all ages and 
demographics and the number of individuals affected by TBI grows, the importance for 
preclinical models increases in a conjunctive format equitable to its translational ability. 
Furthermore, this method presents the ability to recognize subtle changes in animal 
models that may not have been captured from a single behavioral test or study.  
Composite Score 
 The cumulative computational analysis generated a ranking of each dependent 
behavioral evaluated. Each behavioral was analyzed for an individual contribution in 
determining CHI versus sham for a given factor set, and thus the efficacy of each 
behavioral in assessing sham or CHI mice can be evaluated. The findings revealed that 
MWM V2 showed the most significant difference between sham and CHI mice, as shown 
by ranking 1st in the factor analysis. The Elevated plus maze proved to reliably measure a 
difference between CHI and Sham mice: the injury was strongly positively correlated 
with time spent in the open arm, and strongly negatively correlated with time spent in the 
closed arm of the maze. Notably, in data set 2, there were no visual trials included from 
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MWM. Therefore, EPM was ranked 2nd out of all the behavioral test. While all three 
variables of the Open Field behavioral test had a strong impact on factor 3 in data set 1, 
the factor was not statistically significant. This indicates that the Open Field behavioral 
test did not reliably measure differences between CHI and Sham animals. Therefore, it 
was concluded that the Rotarod behavioral was not ranked as an effective measure of the 
model for CHI according to the factor analysis, while it was significant for pairwise 
correlation and simple regression models.   
In conclusion, the cumulative composite score ranks spatial learning and memory as 
the strongest clinical marker for rmTBI. Secondly, from EPM, exploratory activity, and 
impulsivity and with only a small weight on the overall composite score was a motor 
function. This paper suggest behavioral assessments in addition to current clinical and 
cognitive test prior to participating in activities that have a high chance of brain injury as 
well as post-injury for all brain related injuries. Visual and spatial learning test, such as 
the visual-spatial intelligence test (VSLT), may provide an individually tailored treatment 
plan (Malec 1991).  
Future work 
 As concussion continues to be the most significant contributor to sports related 
injuries and the number of cases of traumatic brain injury grow each year, there remains a 
demand for preclinical models (Daneshvar 2011). This study revealed that the most 
powerful behavioral tests were the Morris Water Maze and Elevated Plus Maze in 
determining condition as a result of behavioral observation. While the loss of 
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consciousness (LOC) results from days 2, 3, 4, and Rotarod behavioral test held some 
power in simple linear regression and pairwise correlation; they did not play a powerful 
role when all variables were analyzed at once. However, there is a limitation to the factor 
analysis that analyzed all variables at once as a complete data set was required, which 
dropped a significant number of observations and dependent variables. Determining an 
accurate and efficient behavioral test in preclinical animal models is essential not only for 
clinical aspects of human patient population, but also for inter-lab comparisons. 
Therefore, future research labs may be able to extrapolate from this study the importance 
of the MWM and EPM and uses the ranked behavioral coefficients for a better 
interpretation and analysis of data. 
 Additionally, not all behavioral testing in animal models are feasible in a clinical 
setting or directly translatable. For example, in animal models, loss of consciousness is 
recorded, but when an individual sustains a head injury, it is unlikely that bystanders are 
recording the time the individual may be unconscious.  Nor is a loss of consciousness 
relevant to the vast majority of mild traumatic brain injuries. Therefore, loss of 
consciousness may not be a behavioral change that can be reported in the clinical field. 
While a clinically administered test may be able to assess visual perception as well as the 
spatial learning and memory, similar to MWM in mice; it will be harder to administer a 
clinical test that assesses the exploratory activity and impulsivity behaviors assessed by 
EPM, though self-reported measures may potentially serve as proxies. Additionally, the 
specific type of motor function in the rotarod test may suggest further research in a broad 
range of motor skills including balance assessment that are already routinely used in the 
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assessment TBI. Furthermore, the severity and extent of skills is highly dependent on 
individual variations and specific test considerations. Overall, this method provided 
valuable insight into population level health of an animal model of rmTBI, and can assist 
in the assessment of other models of disease, and potential therapies both pre-clinically 
and clinically.   
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APPENDIX 
1a. LOC1-LOC5 Simple Linear Regression outputs from Stata for all variables with 









































1b. LOC6-MWM H3. Simple Linear Regression outputs from Stata for all variables 

































1c. MWM H4-MWM P1. Simple Linear Regression outputs from Stata for all 





1d. MWM P2-EPM Closed. Simple Linear Regression outputs from Stata for all 


























1e. EPM Decision-Roto_Day1. Simple Linear Regression outputs from Stata for all 






1f. Roto_day2-NO_novelobject. Simple Linear Regression outputs from Stata for all 
variables with p-values summarized in Table 10.  
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1g. LD_light-Sucrose_day4. Simple Linear Regression outputs from Stata for all 
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